Many key bacterial pathogens are frequently carried asymptomatically, and the emergence and 16 spread of these opportunistic pathogens can be driven, or mitigated, via demographic changes 17 within the host population. These inter-host transmission dynamics combine with basic 18 evolutionary parameters such as rates of mutation and recombination, population size and selection, 19 to shape the genetic diversity within bacterial populations. Whilst many studies have focused on 20 how molecular processes underpin bacterial population structure, the impact of host migration and 21 the connectivity of the local populations has received far less attention. A stochastic neutral model 22 incorporating heightened local transmission has been previously shown to fit closely with genetic 23 data for several bacterial species. However, this model did not incorporate transmission limiting 24 population stratification, nor the possibility of migration of strains between subpopulations, which 25 we address here by presenting an extended model. The model captures the observed population 26 patterns for the common nosocomial pathogens Staphylococcus epidermidis and Enterococcus 27 faecalis, while Staphylococcus aureus and Enterococcus faecium display deviations attributable to 28 adaptation. It is demonstrated analytically and numerically that expected strain relatedness may 29 either increase or decrease as a function of increasing migration rate between subpopulations, being 30 a complex function of the rate at which microepidemics occur in the metapopulation. Moreover, it 31
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under an assumption that all isolates are equally fit (neutrality). In these studies, populations were 48 characterized by a simple measure of the level of genotype relatedness known as the allelic 49 mismatch distribution, where isolates with more shared alleles are considered to be more closely 50 related. These comparisons have been widely used in classical ecology and population genetics and 51 different patterns in the mismatch distribution can be associated with various factors contributing to 52 the population structure, including: population growth (Harpending, 1994; Rogers and Harpending, 53 1992), selection (Bamshad et al., 2002) , and host contact network structure (Plucinski et al., 2011) . 54 The mismatch distribution has also been used to detect deviations from neutrality or constant 55 population size (Mousset et al., 2004) and for inference about bacterial recombination rates (Hudson, 56 1987) . 57 Population structure is one of the most studied phenomena in population genetics, both from the 58 theoretical and applied perspective (Ewens, 2004; Hartl and Clark, 2007) . Nevertheless in the case 59 of bacteria limited knowledge exists about the effects of population structure arising from multiple 60 host organisms such as human and different animal species or other, often poorly defined and 61 understood, ecological patches. The main reason for this is simultaneously accounting for the major 62 phenomena known to impact evolution of bacterial pathogen populations, such as recombination, 63 clonal expansion, as well as migration, which for example may be caused by anthroponosis and 64 zoonosis when multiple different host organisms are colonized by the same bacterial species. This 65 hampers both theoretical derivation of limit results for such models and empirical fitting due to 66 likelihood equations not being available in closed form. Fraser et al. solved the likelihood 67 intractability arising from microepidemics by using a stochastic mixture distribution to account for 68 the increase in the probability of sampling identical strains from the same transmission chain 69 (Fraser et al., 2005 ). An analogous approximation technique has later been independently 70 introduced in a more general ecological setting and it is known as the synthetic likelihood (Wood, 71 2010). 72 To improve understanding of the evolutionary dynamics of structured bacterial populations, we 73 employ a simulation-based approach to neutral models that can account for the multiple stochastic 74 forces impacting the genetic diversity that persists over time. By capturing both a heterogeneous 75 span of microepidemics and migration events across the boundaries limiting transmission between 76 subpopulations, we characterize the expected behavior of the metapopulations as a whole. This 77 provides an opportunity to explore the limits of inferring the vital model parameters from genetic 78 surveillance data, and gives novel insight into the emergence of important human pathogens.
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Materials and Methods
80
Model 81 We consider an infinite alleles model for a finite haploid population with N individuals and discrete 82 generations, where the reproduction takes place by random sampling of N individuals from the 83 current generation to the next generation (Ewens, 2004) . When the population is assumed structured, 84 the subpopulation sizes are indexed by N 1 , N 2 . The parameters which may vary across 85 subpopulations are indexed accordingly. Mutations are introduced per generation by a Poisson 86 process with the rate θ = μNτ, where μ is the per locus mutation rate and τ is a scaling factor 87 representing the generation time in calendar time. In all subsequent work we set τ = 1, unless 88 otherwise mentioned. We assume that each individual is characterized by a genotype comprising 89 alleles at L unlinked loci, where a mutation event at any locus always introduces a novel allele.
90
Recombination between randomly chosen genotypes occurs at any locus according to a Poisson 91 process with the rate defined as ρ = rNτ, where r is the rate per locus in relation to the mutation rate.
92
In our simulations we simulated the population until allelic diversity reached equilibrium.
93
Microepidemics are modeled as doubly stochastic events, with the frequency of new distribution of the individual microepidemics influence how much probability mass is shifted towards identical genotypes, but the change is also influenced by mutation and recombination rate 157 parameters ( Supplementary Fig. 1 ).
158
The effect of migration rate on the allelic mismatch distribution within a subpopulation is a 159 complicated function of mutation, recombination and microepidemic rates in a structured 160 population, even if there are only two subpopulations ( Fig. 3) . We studied the combinations in 161 which a subpopulation undergoes microepidemic expansions at a moderate rate and is coupled with 162 another subpopulation where the rate varies from zero to twice that of the first subpopulation. An 163 increase of the migration rate between the two subpopulations by an order of magnitude leads either 164 to a substantial decrease of the genotypic diversity ( Supplementary Fig. 2, i) , an increase in the 165 genotypic diversity ( Supplementary Fig. 2, a) , or to no change at all ( Supplementary Fig. 2, e ), (Fig. 5, A) and a mismatch distribution typical for a population dominated by mutation, with a 226 slight increase of identical genotype pairs due to localized hospital transmission (Fig. 4, A) .
227
The model parameter configurations leading to matching characteristics between the observed and 228 simulated population structure are given in Table 1 for the two species where the neutral model re-229 capitulates the surveillance data well (S. epidermidis, E. faecalis). We compared genotype networks 230 using the standard measures of degree distribution and geodesic distances between nodes and found 231 a considerable agreement between the data and the simulations (Table 1 , Supplementary Fig. 7,8 ).
232 Previously described neutral models specified by mutation and recombination rate in combination recombination rate ( Supplementary Fig. 3, i) . It is known that intensive farming and animal This has been previously described as an 'epidemic clonal' structure (Smith et al., 2000) . 290 We may consider that E. faecalis and S. epidermidis, members of the normal microbiota, have an structure. An exception to this can be seen in the higher fraction of maximally distinct commensal genotypes, which could plausibly arise when novel strains infrequently migrate to the human 303 commensal population from several non-overlapping zoonotic sources (Meric et al., 2015) . 304 However, our model was not able to accurately predict the persistence of the clonal complex 305 structure observed for S. aureus, which may be reflecting a deviance from neutrality.
306
The complexities of within-and between-subpopulation strain dependence, and the extent of 
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It is evident that a limited number of neutrally evolving core genes, such as those typically used in 323 the MLST typing schemes, limits the scope of models that can be fitted to genetic surveillance data. left is unstratified, in which case increasing rate (ω) and size (γ) of microepidemics lead to decreased genetic 439 variation. In a stratified population with two subpopulations (P 1 , P 2 ) the effect of increasing microepidemics 440
(ω 1 , γ 1 ) on genetic diversity in subpopulation P 1 depends both on the microepidemics in subpopulation P 2 441
(ω 2 , γ 2 ) and on the migration rate (m 21 ). The case with m 21 = 0 leads to identical decrease of genetic variation 442
as in an unstratified population. The notation "<<" is used to indicate that the parameters on the left side of 443 the double inequality are much smaller than those on the right side. 444 
